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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfillment
of the requirement for the degree of Doctor of Philosophy

ENHANCED STRUCTURE FOR DISCRETE AND REMOTE
L-BAND ERBIUM DOPED FIBER AMPLIFIERS

By
NELIDYA MD. YUSOFF
August 2013
Chairman: Professor Mohd. Adzir Mahdi, Phd

Faculty: Engineering

The growth of data traffic and Internet forces the telecommunication window to widen up
in order to accommodate the increasing number of channels in wavelength division
multiplexing network systems. This however requires wide bandwidth optical amplifiers
with flat gain spectrum for multiwavelength signals to propagate simultaneously.
Unfortunately, the accumulation of attenuation inside the fiber (0.2 dB/km) restricts the
accessible distance of the transmitted signal and thus, causes the system performance to
drop tremendously. Erbium-doped fiber amplifier (EDFA), which is able to boost the
transmitted signal for longer communication distance at low pump power with significant
wideband gain, is identified as an alternative to overcome the drawbacks caused by the

electronic repeaters.

This research work focuses on designing and developing two different structures of
L-band EDFA which are discrete and remote. A flat L-band gain response is the main
target in both designs with high gain, low noise figure (NF) and high optical signal-
to-noise ratio. For discrete L-band EDFA, the research concentrates on designing and

developing a dual-stage EDFA where a new pumping scheme utilizing distributed

iii



pumping concept is introduced. This pumping scheme uses power coupler to
distribute the pump power between two different amplifier stages with different
lengths of erbium-doped fiber. Optimizations of the splitting ratios, erbium doped fiber
lengths and pump power are required in order to achieve better performance over the L-
band region. This dual-stage EDFA utilizing distributed pumping scheme offers gain
and NF improvement of 1.2 dB and 5 dB respectively with better gain flatness of less
than 0.4 dB when compared with the conventional single-stage EDFA. As
conclusion, this dual-stage EDFA utilizing distributed pumping scheme is cost
efficient as it only implements a single pump laser in the design and it does not
require any gain equalizing filter to attain a reasonably flat gain response over the

entire L-band region.

For the other amplifier structure, the work focuses on designing and developing a
remotely pumped EDFA (R-EDFA) that works at low pump power and at the same
time has the ability to compensate dispersion. Due to attenuation and scattering
effects that occur in the transmission fiber, a reduced 1497 nm Raman pump power is
delivered to pump the R-EDFA. The presence of Raman effects in the L-band
wavelength range helps to boost up the propagated signal for higher transmission gain
and optical signal-to-noise ratio at the output of the proposed R-EDFA. L-band
multiwavelength dispersion compensation module is used as signal reflector to form a
double-pass amplifier structure and also as dispersion compensator. The work
successfully demonstrates that the gain and NF are improved by 5.55 dB and 4.03 dB
respectively with 4.24 dB gain flatness in comparison to conventional R-EDFA. In
addition, the proposed amplifier also has the ability to compensate overall dispersion

in the transmission fiber.
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STRUKTUR DIPERTINGKAT UNTUK PENGUAT-PENGUAT GENTIAN
TERDOP ERBIUM JALUR L DISKRIT DAN JARAK JAUH
Oleh
NELIDYA MD. YUSOFF
Ogos 2013
Pengerusi:  Professor Mohd. Adzir Mahdi, Phd

Fakulti: Kejuruteraan

Pembangunan trafik data dan Internet telah memaksa tetingkap telekomunikasi untuk
diluaskan bagi menampung peningkatan jumlah saluran dalam sistem rangkaian
pemultipleksan bahagian panjang gelombang. Bagaimanapun, ini memerlukan
penguat-penguat optik dengan lebar jalur yang luas dan gandaan spektrum yang rata
bagi memancarkan isyarat gelombang pelbagai secara serentak. Malangnya,
pengecilan yang terkumpul di dalam gentian (0.2 dB/km) menghadkan jarak yang
boleh dicapai oleh isyarat yang dihantar, lantas menyebabkan prestasi sistem merosot
secara mendadak. Penguat gentian terdop Erbium (EDFA) yang berupaya untuk
meningkatkan isyarat terpancar untuk komunikasi jarak yang lebih jauh pada kuasa
pengepaman rendah beserta gandaan jalur luas yang ketara, dikenalpasti sebagai satu
penyelesaian yang berpotensi untuk mengatasi kelemahan yang berpunca dari

pengulang-pengulang elektronik.

Kajian ini memfokus kepada merekacipta dan menghasilkan dua struktur EDFA jalur
L yang berbeza iaitu diskrit dan jarak jauh. Tindakbalas gandaan rata jalur L adalah

sasaran utama dalam kedua-dua rekaan dengan gandaan tinggi, bacaan hingar (NF)



rendah dan nisbah isyarat-kepada-hingar. Bagi EDFA jalur L diskrit, kajian ini
tertumpu kepada merekacipta dan menghasilkan sebuah EDFA dwi-peringkat di
mana skim pengepaman baru yang digelar konsep pengepaman teragih telah
diperkenalkan. Skim pengepaman ini menggunakan pengganding kuasa untuk
mengagihkan kuasa pam di antara dua peringkat penguat yang berbeza dengan
panjang gentian terdop Erbium yang berbeza. Nisbah pengagihan, panjang EDF
dan kuasa pam perlu dioptimumkan bagi mencapai prestasi yang lebih baik sepanjang
rantau jalur L. EDFA dwi-peringkat ini yang menggunakan skim pengepaman teragih
menawarkan penambahbaikan gandaan dan NF sebanyak 1.2 dB dan 5 dB masing-
masing dengan gandaan rata yang lebih baik iatu kurang daripada 0.4 dB apabila
dibandingkan dengan EDFA konvensional peringkat tunggal. Sebagai kesimpulan,
EDFA dwi-peringkat yang menggunakan skim pengepaman teragih ini adalah kos
efisyen kerana ia hanya menggunakan pam laser tunggal di dalam rekaan dan ia tidak
memerlukan sebarang penapis gandaan sama rata bagi mendapatkan sebuah respon

gandaan rata yang boleh diterima pada keseluruhan rantau jalur L.

Untuk struktur penguat seterusnya, kajian memfokus kepada merekacipta dan
menghasilkan sebuah EDFA pengepaman jarak jauh (R-EDFA) yang beroperasi pada
kuasa pam rendah dan pada masa yang sama mempunyai kebolehan untuk
memampas penyebaran. Disebabkan oleh kesan-kesan pengecilan dan penyerakan
yang berlaku di dalam gentian penghantaran, pam kuasa terkurang telah dihantar
kepada pengepam EDFA tersebut pada 1497 nm. Kehadiran kesan-kesan Raman di
dalam julat panjang gelombang jalur L membantu untuk meningkatkan isyarat
terpancar bagi gandaan penghantaran yang lebih tinggi dan OSNR pada keluaran R-

EDFA yang diusulkan. Gelombang pelbagai modul pampasan penyebaran jalur L

vi



telah digunakan sebagai pemantul isyarat untuk membentuk sebuah struktur penguat
laluan berganda dan juga sebagai pemampas penyebaran. Kajian ini telah berjaya
menunjukkan yang gandaan dan NF meningkat sebanyak 5.55 dB dan 4.03 dB
masing-masing dengan 4.24 dB kerataan gandaan semasa perbandingan dibuat
dengan R-EDFA konvensional. Sebagai tambahan, penguat yang dicadangkan juga
mempunyai kebolehan untuk memampas keseluruhan penyebaran di dalam gentian

penghantaran.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Owing to the rapid growth of information technology in wavelength division
multiplexing (WDM) network systems, it is essential to have longer distance of
communication systems with wide bandwidth and at the same time able to transport
multiwavelength signal simultaneously with less gain ripple spectrum.
Unfortunately, the accumulation of attenuation inside the fiber confines the
transmission distance for the light to propagate. In order to overcome this problem, it
is essential to install electronic repeaters in between the fiber span to boost up the
signal by converting the signal into the electrical form. Other than its drawbacks in
terms of installation due to the large number of electronic repeaters, each repeater
can only regenerate one signal which restricts its capability in transmitting more
than one signal along a single fiber. This means that the more the signal is
transmitted through the fiber, the more electronic repeaters are required, thus
causing the system to be more expensive and not commercially viable. This problem
becomes more complicated when the operating wavelength of the transmitted light is
shifted from 1310 nm to 1550 nm. Due to the limitations of electronic repeaters in
terms of high loss, signal distortion and high noise, optical amplifiers especially
erbium-doped fiber amplifier (EDFA) have been implemented to overcome the

issues.



EDFA, which uses rare earth component named erbium as the amplifying medium,
has been established to generate considerable gain in C-band [1], L-band [2] and S-
band [3] region. The work on EDFA was started in C-band but since the WDM
transmission has reached its minimum channel spacing, this amplification window is
exhausted resulting in the introduction of L-band window. Furthermore, since the L-
band window is beyond 1550 nm, the impairment by nonlinear crosstalk caused by
four-wave mixing (FWM) can be avoided [4]. In addition of this advantage,
acceptable flat gain response can be easily obtained in L-band without using any
gain equalizing filter (GEF) making it more preferable than the C-band. The use of
GEF in C-band EDFA is not cost efficient since it requires higher level of
fabrication complexity due to its higher gain ripple which leads to higher gain error

across the intended bandwidth.

EDFA is proven to be able to offer up to 80 nm bandwidth when combination of
these two regions, C-band and L-band are made [5]. However, due to its location
which is far from the peak emission of erbium ions, the amplification in L-band
EDFA offers low gain coefficient as compared to the C-band. As a result, gain
enhancement techniques such as secondary pumping [6], multi stages design [7], and
multi pass amplification [8] are required in L-band EDFA in order to overcome this
limitation. For instance, the utilization of double pass technique allows the gain to
increase by 11 dB with only 2 dB noise penalty for 1570 nm signal amplification at
low pumping power [9]. Besides having some gain improvement, these techniques
also improve the power conversion efficiency of an EDFA. On the other hand, these
techniques may lead to the use of multiple pump laser diode (LD) or even higher

pump power. These may cause complexity in design and thus, incurring higher cost.



The EDFA can be divided into two structures which are discrete [10] and remote
[11]. Since the discrete EDFA requires pump laser to be close to the amplifier, it has
no limitation in terms of pump power delivery. In fact, more pump power can be
supplied to the amplifier as the pump light is free from any attenuation effects. As a
result, this discrete EDFA can produce high gain with low NF due to the high pump
power. However, for long distance applications such as submarine link for
continent-island or island-island, there are some restrictions in the placement of the
pump laser due to the absence of nearby power source. Since the pump lasers are
placed near the transmitter (Tx) or the receiver (Rx), the remote EDFA needs to be
implemented in the WDM system. However, the remote EDFA suffers from low

pump power due to the unavoidable attenuation and scattering effects in the fiber.

1.2 Problem Statement

Since low average inversion is one of the limitations in L-band EDFA, more
research works focus on the gain enhancement technique to improve its performance
especially the gain, NF and output power. Besides, the absorption and emission
coefficient in L-band are smaller as compared to C-band. These two limitations
result in low gain coefficient to the L-band when compared with the C-band. In
order to attain comparable gain with the C-band, longer length of EDF is needed
which is six times longer for L-band amplifier [12]. However, longer length of EDF
requires more pump power to excite the erbium ions for higher population inversion.
Since longer transmission distance is the main target in WDM systems, high gain
amplifiers are extremely needed so that the signal is amplified significantly in

between the span. The main concerns in transmission system are the attenuation and



scattering effects in the longer transmission distance that reduce the power of the
propagating signal. Furthermore, the dispersion effects also cause the signal to be
distorted that ultimately limits the bandwidth as well as the transmission distance. In
contrast, for remote EDFA, the pump light is affected by those effects as it requires
dedicated pump line to the amplifier. This limits the reachable amount of pump
power at the amplifier that finally contributes to lower gain and lower output power.
As a result, this lower output power limits the transmission distance of the
propagated signal and at the same time, more noise is added to the amplifier that
results in higher noise figure. Besides, dispersion effect due to the longer length of
fiber needs to be managed as it affects the overall OSNR as well. All these
limitations finally bring to more errors to the propagated signal when it reaches the

transmission end.

1.3 Motivation

From the previous studies, the limitations in L-band EDFA such as pump power,

output power, as well as signal gain and NF become important issues in designing a

good amplifier for long distance transmission. Therefore, this study is carried out to

find better solutions to the above-mentioned problems.

14 Objectives

There are many research works that focus on gain enhancement technique for both

discrete and remote L-band EDFA in the past few years. This research work



provides better findings in gain enhancement technique for both designs, which
correspond to its objectives as listed below:-
1) To design and develop a dual-stage discrete L-band EDFA that utilizes
efficient distributed pumping scheme to increase the overall performance.
i) To design and develop a Raman-assisted remotely pumped L-band
EDFA using a 1497 nm pump laser with dispersion compensation
capability.
iii) To design and develop a highly efficient multiwavelength remotely
pumped L-band EDFA that works at low pump power with the ability to

compensate dispersion effects.

1.5  Scope of Work

Figure 1.1 describes the scope of work involved in this study on L-band EDFA.
Both discrete and remote EDFA structures are investigated in this research. For
discrete EDFA, the work is focused on the pumping scheme where a dual-stage
EDFA with distributed pumping scheme is proposed. This distributed pumping
scheme distributes the pump power between two different EDFA stages by using
just a single pump laser. For remote EDFA, this work focuses on designing and
developing a highly efficient optical amplifier that integrates Raman amplification in
the transmission line. At the same time, this design is able to compensate the total
dispersion that occurs in the transmission fiber by utilizing L-band multiwavelength

dispersion compensator in the setup.
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Figure 1.1: Scope of work.

1.6 Thesis Outline

This thesis comprises of 5 different chapters including this chapter. Chapter 1
includes the introduction, problem statement, motivation, objectives and scope of
work involved in this research. Chapter 2 presents the theoretical background of
EDFA and review on the previous reported research findings. It is then followed by
Chapter 3 which discusses the methodology, results and analysis involved in the
proposed discrete L-band EDFA. All the findings for remote L-band EDFA are
discussed thoroughly in Chapter 4. The methodologies involved in both chapters are
presented in a form of flow chart for better understanding. Finally, Chapter 5
summarizes the conclusions, research contributions and future recommendations for

this research.
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